The microstructures and the microwave dielectric properties of x(Mg 0.96 Co 0.04 )TiO 3 -(1-x)SrTiO 3 ceramics have been investigated by using pure oxygen atmosphere sintering. In order to achieve a temperature stable material, we studied a method of combining a positive temperature coefficient material with a negative one. SrTiO 3 has dielectric properties of dielectric constant r ~ 205, Qxf value of ~ 4,200 and a large positive f value of ~ 1,700 ppm/ºC. Mg 0.96 Co 0.04 TiO 3 possesses high dielectric constant r ~ 18, Qxf value of ~12,013 at 10 GHz and negative f value of ~ -18 ppm/ºC. By appropriately adjusting the x value in the x(Mg 0.96 Co 0.04 )TiO 3 -(1-x)SrTiO 3 ceramic system, a near zero f value can be achieved. The experiments showed that with x = 0.94, a dielectric constant of about 21, the quality factor value of about 10,791 (at 9 GHz), the f value 2.3 ppm/ ºC were obtained for 0.94(Mg 0.96 Co 0.04 )TiO 3 -(0.06)SrTiO 3 ceramics sintered at 1360 ºC for 6 h. The pure oxygen atmosphere sintering can also significantly lower the sintering temperature from 1450 ºC to 1360 ºC. Therefore, 0.94(Mg 0.96 Co 0.04 )TiO 3 -(0.06)SrTiO 3 ceramic system with pure oxygen atmosphere sintering may be suggested for application in communication devices.
Introduction
The development of a microwave dielectric resonator for applications in communication system such as direct broadcasting satellite (DBS), global positioning systems (GPS), wireless location area networks (WLAN), as well as wireless mobile systems, has progressed rapidly in the past decade [1, 2] . The unique electrical properties of ceramic dielectric resonators have revolutionized the microwave-based wireless _________ communication industry by reducing the size and cost of filters in circuit systems. To miniaturize the devices and for the systems to work with high efficiency and stability, the materials for microwave resonators and microwave device substrates [3, 4] must be combined dielectric properties of a high dielectric constant ( r ), a low dielectric loss (high quality factor, where Q = 1/tan ), and a near-zero temperature coefficient of resonant frequency ( f ). But it is difficult to find materials that satisfy all the three required characteristics. The use of high-Q dielectrics as passive microwave components such as dielectric resonators, dielectric substrates, waveguides, and antennas, can makes possible a significant improvement in the performance of communications equipment [5, 6] , in particular, better sensitivity and selectivity.
Recently, the intense development of high-Q microwave materials based on low-cost raw oxides from the MgO-TiO 2 system has begun [7, 8] . A lot of possibilities of using materials based on MgTiO 3 in the low-temperature co-fired ceramic technique have been reported [5] [6] [7] [8] [9] . However, the available literature contains no data regarding the synthesis and properties of microwave dielectric materials based on x(Mg 0.96 Co 0.04 )TiO 3 -(1-x)SrTiO 3 by using pure oxygen atmosphere sintering methods.
Therefore, the objective of this paper was to achieve zero f value, SrTiO 3 was added to (Mg 0.96 Co 0.04 )TiO 3 as a ceramic system of x(Mg 0.96 Co 0.04 )TiO 3 -(1-x)SrTiO 3 . At the same time, we also investigate the formation, microstructure, phase composition, and the microwave dielectric properties of composite materials based on the system of x(Mg 0.96 Co 0.04 )TiO 3 -(1-x)SrTiO 3 mainly used the pure oxygen atmosphere sintering methods for modulation of different sintering upon x = 0.94 to investigated a nearzero temperature coefficient of resonant frequency ( f ) and the influence of microwave dielectric properties of the materials.
The resultant microwave dielectric properties were analyzed based upon the densification, the X-ray diffraction (XRD) to study the crystal structures and microstructures of the x(Mg 0.96 Co 0.04 )TiO 3 -(1x)SrTiO 3 ceramic system.
Experimental procedure
Specimen powders were prepared by a conventional solid-state method. High-purity oxide powders (>99.9%): MgO, CoO, TiO 2 and SrCO 3 were used as raw materials. The powders were weighed according to the composition x(Mg 0.96 Co 0.04 )TiO 3 -(1-x)SrTiO 3 , and were ground in distilled water for 12h in a balling mill with agate balls. The prepared powders were dried and forced through a 200-mesh sieve and calcined at 1100°C for 4h in air. The calcined powders were mixed as desired composition of x(Mg 0.96 Co 0.04 )TiO 3 -(1-x)SrTiO 3 sintering aids and re-milled for 12h. These fine powders with 3 wt% of a 10% solution of Polyvinyl alcohol 500 (PVA; Showa, Tokyo, Japan) as a binder were mixed and pressed at 150 MPa into pellets with dimensions of 11 mm diameter and 5 mm thickness. These pellets were sintered at temperatures of 1330°C ~ 1450°C for 6 hr in air. The heating and cooling rates were both set at 3°C /min.
The microstructure observation of the sintered ceramics surface was performed by means of scanning electron microscopy (SEM, JEOL JSM 6400, Japan). The crystalline phase of sintered ceramics was identified by X-ray diffraction (XRD, RIGAKU D/max 2.B) with CuKa radiation ( = 1.5418Å at 40 kV and 30 mA) and scanned from 20° to 60° with scanning speed of 4°/min. The bulk densities of the sintered pellets were measured by the Archimedes method. The dielectric constant ( r ) and the quality factor values (Q×f) at microwave frequencies were measured using the Hakki-Coleman dielectric resonator method which had been modified and improved by Courtney [10, 11] . The dielectric resonator was positioned between two brass plates. Microwave dielectric properties of sintered samples were measured by an Anritsu 37347C Vector Network Analyzer. For temperature coefficient of resonant frequency ( f ), the technique is the same as that of quality factor measurement. The test cavity was placed over a thermostat in the temperature range used is from 30°C to 80°C. The f value (ppm/°C) can be calculated by noting the change in resonant frequency (f), and is defined by:
where f 1 and f 2 represent the resonant frequencies at T 1 and T 2 , respectively. Figure 1 shows the XRD patterns of 0.94(Mg 0.96 Co 0.04 )TiO 3 -(0.06)SrTiO 3 (hereafter referred to as 94MCST) ceramics used the pure oxygen atmosphere sintering method sintered at different temperatures 1330°C, 1360°C, 1390°C, 1420°C and 1450°C, respectively, for 6h. The XRD patterns of Fig. 1 showed that peaks indicating the presence of MgTiO 3 as the main crystalline phase, in association with little SrTiO 3 and MgTi 2 O 5 as minor phases. MgTi 2 O 5 was also identified as a second phase. The formation of mixed phased in the 94MCST ceramics system was due to structural differences and because the average ionic radii of Sr 2+ (1.26Å) were larger than Mg +2 (0.65Å). Therefore, MgTi 2 O 5 usually formed as an intermediate phase, was identified and difficult to completely eliminate from the sample prepared by mixed oxide route. The formation of MgTi 2 O 5 might lower the Qxf value of the specimen. The dielectric constant of 94MCST ceramics with pure oxygen pressure at various sintering temperature (1330°C ~1450°C) were illustrated in Fig. 2 . The dielectric constant gradually enhanced with the increase of sintering temperature and then declined at higher temperature. Many factors, such as crystal defects, grain boundary and pores are believed to affect the microwave dielectric loss of ceramics. At 1390°C the ceramics reached the optimal dielectric constant of r = 27. The increase in the dielectric constant was attributed to a higher density as well as a lower porosity. The dielectric constant decreased is because the crystalline grain size became unequal and frit when temperature is too higher. Figure 3 shows the quality factor (Qxf) of 94MCST ceramics with pure oxygen pressure at various sintering temperature. As increasing sintering temperature, the Qxf value was found increase to a maximum value of ~10,791 (at 9 GHz) at 1360°C and thereafter decreased. The microwave dielectric loss is mainly caused not only by the lattice vibration modes, but also by the pores, second phases, impurities, lattice defect, or even the amount of additives doped in ceramics. Fig. 3 . Quality factor of 0.94(Mg 0.96 Co 0.04 )TiO 3 -0.06SrTiO 3 with pure oxygen pressure at different sintering temperatures. Figure 4 illustrates the temperature coefficient of the resonant frequency ( f ) of 0.94(Mg 0.96 Co 0.04 ) TiO 3 -0.06SrTiO 3 ceramics with pure oxygen pressure at various sintering temperature. The temperature coefficient of resonant frequency was related to the composition and phase which existed in the ceramic, whereas it was insensitive to the sintering temperature. As the composition remained unchanged and no secondary phase was detected, no significant change in the f value was observed as expected. All of the measured f values drift between ranges of -2 ~ 12ppm / ºC. Under pure oxygen pressure and sintering temperature of 1330°C, near zero f of -2.2 ppm/°C can be achieved. The apparent density of 94MCST ceramics with pure oxygen pressure at different sintering temperature is shown in Fig. 5 . Marked change was not observed in the density at different sintering temperature. A maximum density of 3.91 g/cm 3 was obtained at sintering temperature of 1420°C for 6 hr. It implied that the microwave dielectric properties as well as grain sizes, grain morphology, and density were slightly dependent on sintering temperature. 
Results and discussion

Conclusions
A new microwave dielectric material of 0.94(Mg 0.96 Co 0.04 )TiO 3 -0.06SrTiO 3 ceramics in pure oxygen atmosphere sintered at 1360ºC/6h possesses the density of 3.88 g/cm 3 , dielectric constant r ~ 21, a Qxf value ~ 10,791 at 9 GHz, and a f value ~2.3 ppm/ ºC in this study. It not only can effectively lower the sintering temperature from 1450 down to 1360 but the temperature stability can be also satisfied. Therefore, a high dielectric constant, a low dielectric loss and a lower sintering temperature of 0.94(Mg 0.96 Co 0.04 )TiO 3 -0.06SrTiO 3 ceramic substrates is useful to apply in the production of microwave communication devices because of its compact size, which makes it very promising for commercial application.
